The authors report the results of X-ray diffraction (XRD) and geochemical studies on bastnaesites (lanthanum cerium fluoro-carbonate) hosted in alkali Kanigiri Granite of the Prakasam district in Andhra Pradesh, India. The XRD pattern of the investigated bastnaesite displays sharply-defined reflections. The observed d-spacings of the bastnaesite are in very close agreement with those published for bastnaesite standard in International Centre for Diffraction Data (ICDD) Card No. 11-340. The calculated unit cell parameters ( ) and unit cell volume (V) of the studied bastnaesite ( 7 1301 − 7 1413Å, 9 7643 − 9 7902Å and V 429 8940 − 432 3875Å 3 ) are almost equal to values published for bastnaesite standard ( 7 1290Å, 9 7744Å and V 430.19Å 3 ) in the relevant data card. Geochemical data of bastnaesite reveals high content of Ce (mean 27.22%) followed by La (mean 16.82%), Nd (mean 6.12%) and Pr (mean 1.91%). Compared to light REE (LREE) content (mean 437165 ppm), heavy REE (HREE) content (mean 5867 ppm) is drastically low, with unusually high LREE/HREE ratio (mean 80). The chondrite-normalised plot also exhibits drastic enrichment of LREE relative to HREE with pronounced negative Euanomaly (mean Eu/Eu* = 0.15). High (LREE) N / (HREE) N , (La/Lu) N , (La/Yb) N and (Ce/Yb) N ratios reveal higher fractionation of LREE relative to HREE. The rare earth element (REE) contents of the studied bastnaesite are very close to REE contents of bastnaesite hosted in alkali syenite from Madagascar. The presence of bastnaesite in Kanigiri Granite and soils derived from it enhances the scope of further exploration for bastnaesite in several bodies of alkaline rocks and alkali granitoids present along the eastern margins of the Cuddapah basin, Andhra Pradesh.
Introduction
Occurrence of rare metal and rare earth (RMRE) minerals, namely, columbite-tantalite, fergusonite, samarskite, * E-mail: yamunasingh2002@yahoo.co.uk allanite, monazite and thorite, are already known from the Kanigiri Granite (KG) since late 1970s [1, 2] . Recently, Atomic Minerals Directorate for Exploration and Research (AMD) revisited the area to evaluate potentiality of RMRE minerals in granitic rocks and soils of the Kanigiri area (Fig. 1 ). This resulted in the discovery of bastnaesite and hydroxyl-bastnaesite minerals from the area [3] . Although host rock characteristics [4, 5] , mode of [7] ].
occurrence and petrographic aspects of bastnaesite have been outlined earlier [6] , crystallographic and geochemical aspects of bastnaesite have not been studied. In this paper, therefore, an attempt has been made to fill the existing gap in our knowledge.
Geological setting
In the Nellore-Khammam Schist Belt (NSB), the Kanigiri area forms an important segment, which encompasses metavolcanic sequences of the NSB that are intruded by granites and gabbros. To the west and north of the Kanigiri, the western margin of the schist belt is in contact with the thrusted eastern margin of the Cuddapah basin ( Fig. 1 ; modified after [7] ). Proximal to this margin, a number of granitic bodies of Mesoproterozoic age occur intermittently over a stretch of about 300 km from Vinukonda (Guntur district) in the north to Sri Kalahasti (Chittoor district) in the south. Notable among them are the Vinukonda Granite, Darsi Granite, Kanigiri Granite, Podili Granite and Anumalakonda Granite (Fig. 1) . These Proterozoic granites are peraluminous to peralkaline in nature and exhibit calc-alkaline trend. Available trace element data along with the presence of fluorite in all these granites indicate their crystallization from a fluorine saturated magma that was derived from the partial melting of dehydrated lower continental crust [8] .
Characteristics of the host Kanigiri Granite

Field aspects
The Kanigiri Granite (KG) pluton, which hosts the investigated bastnaesites, is located between latitudes 15
• 24'30" to 15024'35"N and longitudes 79
• 30'00" to 79
• 30'06"E, and is about 86 km WSW of the Ongole, Prakasam district, Andhra Pradesh (Fig. 1) . The KG pluton is elliptical, with NE-SW trending longer axis (Fig. 2a) , and covers an area of 6.2 × 2.1 km2. It is intrusive into the Dharwar schist of the Nellore-Khammam Schist Belt (NSB), and has been dated at 995 Ma [9] . The KG pluton is bounded on the west by sub-vertically dipping ridges of the quartz-chlorite schists and quartzites with discordant relationship. On the eastern side, calcsilicate rocks and dolerite dykes are exposed. Along the south-eastern border of the KG pluton, an oval shaped gabbroic intrusive body is exposed. The KG pluton is dissected by N-S, NNE-SSW and E-W trending shear-fractures, which are healed by pegmatitic-, quartzofeldspathic-, fluorite-, and quartz-veins. The KG pluton comprises several xenoliths of the Precambrian Dharwar schist. Aplites in the form of veins, stringers and irregular bodies cut across the granite. The KG is light grey and medium-to coarse-grained rock (Fig. 2b) . By and large, it is homogeneous and displays moderate shearing and decrease in grain size towards the Mekeru River [4] . Granitoid plutons of Podili Konda are situated to the east and north-east of the Mekeru River. The KG and other plutons are spatially associated with gabbroic rocks, and all these are intrusive in to the Precambrian Dharwar schist.
Petrography
The Kanigiri Granite is leucocratic and coarse-grained. It exhibits inequigranular hypidiomorphic perthitic and myrmekitic textures (Fig. 2c) . It consists of quartz, phenocrysts of potash feldspars (microcline, microclineperthite and lesser orthoclase) and sodic plagioclase with minor to major amounts of biotite and some muscovite. Accessory minerals comprise dominant fluorite and subordinate amounts of zircon, apatite, titanite, zoisite, chlorite, monazite, samarskite, fergusonite, allanite, thorite, rutile and opaque ore minerals. Fluorite is colourless to purple and occurs in the granite as vein and fracture-fillings as well as interstitial anhedral grains with sharp boundaries within the major minerals. The opaque minerals include mainly ilmenite and columbite and minor magnetite, hematite, goethite and pyrite. Aplitic texture is also noted at places (Fig. 2d) . Occasionally, deformational effects are also noted particularly in the vicinity of Mekeru River with cataclastic texture (Fig. 2e) . Along fractures, development of epidote and chlorite is also apparent (Fig. 2f) . Based on the modal abundances, the KG is classified as syenoand monzo-granite [4] . The Kanigiri Granite has an average modal abundance of 39.2% quartz, 37.8% K-feldspar, 17.1% Na-plagioclase, 4.8% biotite, 0.6% fluorite and 0.5% others (Table 1) . 
Geochemistry
The average geochemical data (n = 80; [4] . Li (24-150 ppm, n = 11) content is also appreciably high. The granite has low (average) K/Rb (101.1) and high (average) Rb/Sr (38.2), Rb/Ba (9.1), Nb/Ta (8.8) and 10 4 ×Ga/Al (4.6) ratios with respect to corresponding ratios of 247, 1.7, 0.2, 5.0 and 2.1, respectively, for Low-Ca granite [4, 10, 11] . [after [5] ]. Note that the majority of the samples plot in the field for quartz monzonite. Remaining fields are for gneissic complexes (fine stippled towards the left), tonalite diapirs (checked patterns), tonalities (dark grey), sheetlike batholiths (light grey), and average compositions of Archaean granitic rocks from greenstone-granite terranes [after [10] ]. Granite showing A-type character [after [5] ].
Similar to modal composition, geochemically also, the Kanigiri Granite is classified as quartz monzonite with a K 2 O/Na 2 O ratio >1. Interestingly, in the CaO-Na 2 O-K 2 O triangular plots, most of the samples fall in the field for quartz monzonite (Fig. 3) . It is clear that the composition of the KG is distinct from the average composition of the Archaean granitic rocks from greenstone granite terranes given in literature [12] . A positive correlation is displayed by molecular Al 2 O 3 /(CaO+Na 2 O+K 2 O) (A/CNK) ratio with SiO 2 (Fig. 4) . The A/CNK ratio re-veals the Kanigiri Granite to be mostly metaluminous. The available data points out a limited compositional variation in the KG and that the metaluminous pluton was appreciably influenced by feldspar fractionation. Significantly, Rb-Ba-Sr plots of granite fall in the field for normal to strongly differentiated granite (Fig. 5a ), whereas, Rb and Sr binary plots (Fig. 5b) show variation mainly in between Rb/Sr = 5 and 80 [5] . The chondrite normalised REE pattern displays marked LREE enrichment (average LaN/SmN = 3.73) and slightly depleted HREE with pronounced negative europium anomaly (Fig. 6) . The 'A'-type nature of the Kanigiri Granite is brought out by Zr+Nb+Ce+Y vs. K 2 O+Na 2 O/CaO plots ( Fig. 7 ) in the diagram of Pearce et al. [13] , which is further corroborated by agpatic index (A.I., molar (Na+K)/Al) and Ga/Al ratio; expressed as 10 4 × Ga/Al) values of ≥4 [4] . In the tectonic discriminate diagram of Pearce et al. [13] , which has been also used by Dharma Rao and Reddy [5] , the KG falls in the field of within plate granites (Fig. 8 ). Mineralogical and geochemical features, involving alteration of whole-rock chemistry, formation of aplite, albite, sericite and fluorite, low K/Rb ratio and polymetallic mineralisation (U, Th, Nb-Ta, Zr, REE), clearly suggest development of late stage fluid phases in the host Kanigiri Granite. In a nut shell, it may be stated that the Kanigiri Granite, hosting investigated bastnaesites, is A-type granite, and is characterized by anomalously high contents of Rb, U, Th, Nb, Ta, Zr, Y and REE and marked depletion of Ba, Sr and Ca, and formed by highly evolved melt involving crystal-liquid fractionation. The whole-rock, trace element and various elemental ratios also reveal that the KG belongs to the category of anorogenic within plate granite.
Bastnaesite
Investigative methodology
The bastnaesite-bearing granite sample was powdered in mortar and pestle to ∼85#, and resultant powder was subjected to sequential heavy media liquid separation using bromoform (specific gravity, SG, 2.88) and methyline iodide (MI; SG 3.31) in a centrifuge tube. The MI fraction was further separated using Frantz isodynamic magnetic separator at various amperes. Various separates so obtained were diffracted separately to know different minerals present in various fractions. Bastnaesite was found mostly in MI heavy fraction at 0.6 ampere. This fraction was taken up for detail investigations X-ray diffraction (XRD) study was carried out in Siemens D-500 Diffractometer in XRD Laboratory of AMD, Hyderabad. The accelerating voltage was maintained at 35 kV and the tube current at 22 mA. CuKα radiation (1.5418 A), monochromatised using curved graphite monochromator, was used for diffraction. For identification, a scanning speed of 0.03 degrees 2 Θ/second, over a long angular range (4-90 degrees 2Θ), with a sampling time of 2 seconds, was selected. Mineral identification was done from the powder diffraction data so obtained by comparing the same with the relevant International Centre for Diffraction Data (ICDD) card.
For obtaining high 2Θ precision data on the crystallographic parameters, the powdered bastnaesite sample was slow-scanned with a speed of 0.01degrees 2Θ/second and a sampling time of 2 seconds. The respective 2Θ values of the various reflections and the values of their corresponding interplanar spacings (d-spacings) were obtained directly by using Wassermann ADM software. From the powder diffraction data so obtained, the crystallographic parameters, viz., unit cell dimension ( ) and unit cell volume (V), of bastnaesites were determined.
The petrographic characterisation of host-rock and bastnaesite was done using Leitz optical microscope. Separated and purified bastnaesite mineral samples (n = 3) were taken up for geochemical analysis by wet chemical methods.
The methods adopted for analysis of the investigated bastnaesites are inductivelycoupled plasma-atomic emission spectrometry (Al, Fe, Mg, Ca, Ba, Sr, Mn, REE, Y, Th, Zr, Nb and Ta), flame photometry (Na and K), pellet fluorometry (U) and total carbon analyser (C). Error in determination is ± 1% for Al 2 O 3 Fe 2 O 3 CaO and MgO; ±2 − 3% for MnO K 2 O Na 2 O, C, Ba, Sr, La, Ce, Pr, Nd and Th; and ± 5% for the rest.
Mode of bastnaesite occurrence
As mentioned above, bastnaesite is intimately associated with the accessory minerals of host granite, viz., purple fluorite, chlorite, euhedral zircon, sphene, garnet, clinozoisite, apatite, topaz, fergusonite (Fig. 9a, 9b) . It occurs as euhedral grains. Some of the grains are broken and fractured, whereas others are zoned (Fig. 9c, 9d, 9e, 9f) . Under the microscope, bastnaesite shows thin, tabular and hexagonal crystals habits. It is colourles to pale yellow and shows high birefringence and very weak pleochroism. Several bastnaesite grains are altered and show an earthy patchy appearance in the centre and along the grain boundaries (Fig. 9c, 9d) . Fergusonite, a multiple oxide of Nb-Ta, occurs as sub-hedral / rounded grains as inclusions in mafic minerals. Sericitisation and albitisation of K-feldspars are common. Bending of twin lamellae in plagioclases, undulose extinction of quartz and alteration of sphene are also noticed. Residual soils derived from Kanigiri Granite pluton, on mineral beneficiation, indicated presence of nonmagnetics from 5 to 11 wt% (fraction less than 1mm). Analysis of the non-magnetics by wavelength-dispersive X-ray fluorescence spectrometry showed up to 2.57% Nb 2 O 5 , 0.54% Ta 2 O 5 and 2.4% Zr 2 O 3 . X-ray diffraction studies on non-magnetics have also revealed the presence of interesting discrete mineral phases: bastnaesite and hydroxyl-bastnaesite, besides columbite-tantalite, fergusonite, monazite, thorite, ilmenite, rutile and zircon [3] .
X-ray crystallography
The XRD pattern of the investigated bastnaesite displays sharply-defined reflections (Fig. 10) . The strongest interplanar spacings (d-spacings) of the investigated bast- (Fig. 10 and Table 3 ). The observed d-spacings of the investigated three bastnaesites are in very close agreement with those published for bastnaesite standard in ICDD Card No. 11-340 (Table 3) . Nevertheless, I/Io of several reflections of the investigated bastnaesites are either slightly or moderately higher than those published for corresponding reflections of bastnaesite standard in the said ICDD card (Table 3) . Despite these variations in I/Io, the calculated unit cell parameter ( ) and unit cell volume (V) of the studied bastnaesites ( 7.1301-7.1413Å, 9.7643-9.7902Å and V 429.8940-432.3875Å
3 ) are almost equal to values published for bastnaesite standard ( 7.1290Å, 9.7744Å and V 430.19Å
3 ) in the relevant data card (Table 3 ).
Mineral chemistry
Geochemical data ( ues after [14] ] (LREE) N value (Fig. 11a, b, c) is also very high (mean 980923) relative to (HREE) N value (mean 35493) with high (LREE) N /(HREE) N ratio (30) . Significantly, (La/Lu) N , (La/Yb) N and (Ce/Yb) N ratios are extremely high, being (mean) 156, 166 and 103, respectively. On the other hand, although the investigated bastnaesites are characterized by high (La/Sm) N ratio (mean 14), their (Gd/Lu) N and (Gd/Yb) N ratios (mean), 2.6 and 2.9, respectively, are appreciably low (Table 4 ). The overall trend of chondrite-normalised values of the REE is: La > Ce > Pr > Nd > Sm. The chondrite-normalised plots also exhibit drastic enrichment of LREE relative to HREE with steep slope from La to Sm (LREE) and nearly flat HREE pattern from Gd to Lu (Fig. 11a, b, c) with pronounced negative Eu-anomaly (mean Eu/Eu* = 0.15). 
Discussion on bastnaesite
Host-rock
Bastnaesite occurrences/deposits are known from carbonatites [15] [16] [17] [18] [19] , alkali granites and syenites [20] [21] [22] , pegmatites, hydrothermal deposits, skarns, fenites and other metasomatites [23] . In India, bastnaesite is known from the pegmatites of Chhotanagpur Gneissic Complex [24] and carbonatites of Rajasthan [25] . In fact, apart from carbonatites, the bastnaesite is known from contact zones of an alkali granite-pegmatite or alteration zones in alkali rocks (particularly alkali pegmatites), in alkali syeniterelated hydrothermal deposits and contact metamorphic amphibolite skarn [26] . Therefore the occurrence of the investigated bastnaesite in alkali granite (quartz syenites to peralkaline granites) of Kanigiri area and soils derived from it is consistent with the reported geological settings of bastnaesite occurrences from elsewhere. The host Kanigiri Granite is enriched in high-field strength elements including REE, and formed from highly evolved granitic melt.
Nomenclature
Bastnaesite was first described by the Swedish chemist Wilhelm Hisinger in 1838, and named after the Bastnas mine near Riddarhyttan, Vastmanland, Sweden [26] . It is a scarce mineral and never occurs in great concentrations. Bastnaesite has cerium, lanthanum and yttrium, and is divided into three types based on the predominant rare earth element [26] (Table 4) belong to the category of bastnaesite-(Ce). Also, as bastnaesite forms a series with the minerals hydroxyl bastnaesite-(Ce) and hydroxyl bastnaesite-(Nd), wherein the substitution involves fluorine ions for hydroxyl (OH) ion groups, hydroxyl bastnaesite associated with the investigated bastnaesite ( Fig. 10 ) may therefore represent hydroxyl bastnaesite-(Ce) and minor hydroxyl bastnaesite-(Nd). It is corroborated by high Ce and appreciable Nd contents (Table 4) . 
Geochemistry
Chondrite-normalised LREE plots (Fig. 11a, 11b, 11c ) of bastnaesites reveal pronounced enrichment of LREE relative to HREE with high (LREE) N /(HREE) N ratio (mean 30). The plots also display steep slope from LREE to HREE and pronounced negative Eu-anomaly (mean Eu/Eu* = 0.15). Such a high negative Eu-anomaly suggests extremely fractionated nature of the granitic melt from which bastnaesite had formed, which is consistent with the geochemical features of the host KG (Fig. 5) . High (LREE) N /(HREE) N ratio also reveals higher fractionation of LREE relative to HREE. It is further corroborated by extremely high (La/Lu) N , (La/Yb) N and (Ce/Yb) N ratios. The fact that substantial fractionation among LREE has taken place is brought out by high (La/Sm) N ratio. Contrasting this, nearly flat HREE pattern (Fig. 11a , 11b, 11c) and low values of (Gd/Lu)N and (Gd/Yb)N ratios suggest very less fractionation among HREE.
Genesis
Genetically, the bastnaesite is known to be both a primary and secondary mineral [27] . In fact, it can be a primary magmatic mineral as it is in the case of Mountain Pass deposit [17, 28] , or it can also be a late hydrothermal mineral as in the case of Bayan Obo deposit, where interaction of REE-and F-rich fluids with dolomite resulted in fluorocarbonate and REE complex that subsequently crystallized as bastnaesite [15] . Petrographic features like well-developed euhedral hexagonal crystal with strongly elongated shape along c-crystallographic axis, sharp mutual contact with associated ore and gangue minerals and lack of mineral replacement features (Fig. 9c, 9e, 9f) suggest the investigated bastnaesite to be of a primary magmatic origin. Zoned nature of bastnaesite (Fig. 9c, 9e ) could be due to the fact that successive pulses of fractionated fluorocarbonate and REE complex fluids emanating from the crystallizing alkali granitic magma were responsible for its formation. Presence of fluorite in bastnaesite (Fig. 9d) , and also as veins and stringers within the host alkali granite, reveals that the REEs were transported as fluorine complexes [29] . However, presence of corroded, bleached and earthy patches within and along the boundary of bastnaesite grains (Fig. 9c, 9d, 9f ) point out that, after their crystallization, the primary magmatic bastnaesites were exposed to late hydrothermal fluids and interactions with the accompanying volatiles and, thus, attendant corrosions/alterations. Significantly, the results of XRD studies of granitic soil from the weathered profile of the Kanigiri Granite have also revealed the presence of bastnaesite in it. This bastnaesite mineral is not likely to be of magmatic origin, and, in all probability, it might have formed by supergene processes. Leaching of REEs and F due to alteration of their minerals (e.g., allanite, monazite, fluorite), hosted in alkali Kanigiri Granite, and formation of their complexes, acquiring atmospheric CO 2 , might have formed bastnaesite in the weathered profile. Accordingly, it (granitic soil-hosted bastnaesite) may be called secondary or supergene bastnaesite. This observation is consistent with many known secondary alteration occurrences of bastnaesite [example [27] ].
Comparative REE content
Summarised REE-compositions of bastnaesites hosted in carbonatites and quartz syenite of China [30] , Mountain Pass, California [31, 32] , Zambia [33] , Norway [18] , alkali syenite [34] , peralkaline granite and syenite [22] , karst-bauxite [35] , alkaline granite-syenite pegmatite [36] and present study are given in Table 5 . [34] . The overall low REE contents in the studied bastnaesites may be due to the presence of some mineral impurities (as in the case of sample 1, containing traces of monazite and zircon, Table 3 ) below detection limits of XRD. Another potential reason for low REE contents may also lie in the depletion of REE content due to leaching/alteration in many studied bastnaesite grains as revealed by petrographic studies (Fig. 9c, 9d, 9f ). It is likely that chemically analysed material consisted of mixture of both fresh and altered bastnaesite grains. However, electron-microprobe analysis and U-Pb dating of bastnaesite [37, 38] will be carried out in collaboration with an advanced analytical laboratory in India or overseas to unravel exact variations in REE contents in both fresh and altered bastnaesite grains.
Exploration implications
Bastnaesite and monazite are the two largest and most preferred sources of light rare-earth elements (LREEs). However, former is always more attractive as a source of LREEs over the latter because of thorium-free nature.
The presence of bastnaesite in Kanigiri Granite and its weathered profile suggests that the host felsic rock may also form a potential source of non-pegmatitic and noncarbonatitic light rare-earth minerals, apart from the already known rare-metal minerals. Also, the presence of bastnaesite in Kanigiri Granite and soils derived from it enhances the scope of further exploration for bastnaesite in several bodies of alkaline rocks and alkali granitoids present along the eastern margins of the Cuddapah basin (Fig. 1 ).
